␣-SMA immunoreactivity in the ligated kidney expanded from TIMP-1 gene expression and PAI-1 antigen after unilateral day 5 on and was most pronounced in the inner stripe of the ureteral obstruction in the adult male rat.
␣-SMA immunoreactivity in the ligated kidney expanded from TIMP-1 gene expression and PAI-1 antigen after unilateral day 5 on and was most pronounced in the inner stripe of the ureteral obstruction in the adult male rat.
outer medulla. As early as 24 hours post-ligation, TIMP-1 Background. Sustained obstruction of urinary flow invari-mRNA transcribing interstitial cells were detected with ISH, ably leads to inflammation, loss of functional renal structures while tubular TIMP-1 expression was sparse. Since at that point and progressive deposition of extracellular matrix proteins, in time, no interstitial ␣-SMA expressing cells and only few culminating in renal fibrosis. Although increased renal tissue ED1 ϩ macrophages were present, the bulk of the TIMP-1 inhibitor of matrix metalloproteinase (TIMP-1) expression is mRNA transcription occurred in other interstitial cells. Throughone of the early events following experimental hydronephrosis, out the study period numerous interstitial TIMP-1 expressing little is known about its cellular source. Both the recruited cells were detectable in obstructed kidneys and from day 5 macrophage and the resident/recruited (myo)fibroblast have after ligation on, we could identify ␣-SMA ϩ and to a lesser been postulated to be candidate TIMP-1 transcribing cells. degree ED1 ϩ macrophages as TIMP-1 transcribing cells. In Currently, data concerning plasminogen activator inhibitor addition, dilated tubules containing intraluminal leukocyte type 1 (PAI-1) expression in the ligated kidney are unavailable. casts were surrounded by a corona of intact neutrophils in Our study concentrated on the localization of TIMP-1 express-H&E-stained sections and ISH showed that similar tubules ing cells and PAI-1 immunoreactive cells in the obstructed rat were encircled by TIMP-1 mRNA expressing cells. PAI-1 imkidney. munoreactivity appeared to diminish in the early phase follow-Methods. Rats were sacrificed 1, 5, 10, 15, 20 and 26 days ing urinary outlet obstruction, but emerged in damaged tubules after unilateral ureteral obstruction (UUO) or sham-surgery from day 5 to 10 on. In later stages post-ligation, PAI-1 ϩ cells (SOR). Leukocyte (OX-1 ϩ ), macrophage (ED1 ϩ ) and neutroand PAI-1 immunoreactive material were found embedded in phil infiltration were analyzed using specific antibodies or nuthe extracellular matrix. clear morphology. ␣-Smooth muscle actin (␣-SMA) immuno-Conclusions. Our results confirm that TIMP-1 is active in staining was measured morphometrically. Mitotic figures and the early phase of the fibrotic process and we demonstrated nuclei with an apoptotic morphology were quantified in hemathat initially TIMP-1 mRNA is transcribed by very few ED1 ϩ toxylin-eosin (H&E)-stained sections. TIMP-1 mRNA tranmacrophages but mainly by other, presently unidentified, interscribing cells were localized with in situ hybridization (ISH) stitial cells. During later stages of post-ligation, both TIMP-1 and identified by subsequent immunostainings for ␣-SMA and (transcribed among others by ␣-SMA ϩ myofibroblasts, ED1 ϩ macrophages. PAI-1 antigenicity was evaluated immunohistomacrophages, and possibly neutrophils) and PAI-1 are involved chemically in SOR, contralateral unobstructed kidneys (CUK), in the progression of tubulointerstitial scarring. and UUO kidneys.
Results. The number of leukocytes and macrophages in the ligated rat kidney increased progressively in time, starting from day 5 post-surgery when compared with CUKs. Neutrophil Obstructive uropathy with impaired tubular fluid flow accumulation in UUO kidneys became apparent from day 5 is a consequence of structural or functional abnormalities and large intraluminal leukocyte clusters (neutrophils and macin the urinary tract. It is a common manifestation of a rophages) were found in the lumen of distended tubules, espenumber of diseases (such as congenital hydronephrosis, cially at later stages post-obstruction, when collected urine and tissue samples proved to be sterile upon culture. From day 5 tumor, calculus, benign prostatic hypertrophy, and trauma) on, the number of apoptotic cells started to predominate the and the most common cause of renal failure in infants number of mitotic cells in the obstructed kidneys. Interstitial [1] . Experimental hydronephrosis has been studied extensively in both rabbit and rat models and is induced by ligation of one or both ureters. Early events following to 70% of normal renal blood flow within 24 hours postligation [3, 4] caused by cortical vasoconstriction in re-sponse to angiotensin II [5] and macrophage-derived groups: six groups undergoing left proximal unilateral ureteral obstruction (UUO; N ϭ 8 to 10) and 6 groups thromboxane A 2 [5, 6] . Sustained chronic obstruction of urine flow leads to hydronephrosis and loss of renal with sham-operated rats (SOR; N ϭ 3 to 4). The fasted animals were operated under intraperitoneal pentobar-parenchyma accompanied by an excessive deposit of connective tissue, culminating in renal fibrosis [7] and bital anesthesia (60 mg/kg body weight) and sterile conditions. UUO rats underwent left proximal ureteral liga-characterized by tubular dilation, tubular and interstitial apoptosis, tubular atrophy, and tubular basement mem-tion with 4-0 silk at the junction of the upper with the two lower thirds of its length. The ureter was cut between brane thickening [2] .
It is becoming increasingly apparent that in some mod-the ligatures to prevent retrograde urinary tract infection. SOR underwent a sham laparotomy with ureteric els, including unilateral ureteral obstruction (UUO), sustained decreased matrix degradation (resulting from the manipulation through a midline incision. No antibiotics or analgesics were given. imbalance between proteolytic enzymes and their inhibitors) rather than transiently increased matrix production Before sacrifice, the rats were placed in metabolic cages to collect 24-hour urine samples. Animals were causes a disequilibrium in matrix turnover ultimately resulting in renal fibrosis [7] [8] [9] [10] . Throughout this work anesthetized by intraperitoneal pentobarbital injection and sacrificed by heart puncture at 1, 5, 10, 15, 20 and the attention was focused on the renal expression of the main inhibitors of two proteolytic cascades operative in 26 days post-ligation. Bladder (from SOR and UUO rats) and ureteral (from distended ureter stump of UUO the kidney: tissue inhibitor of matrix metalloproteinases (TIMP-1) and plasminogen activator inhibitor type 1 kidneys only) urine samples were aspirated under sterile conditions by bladder/ureter punction, collected in ster-(PAI-1).
Although ample evidence has been provided that uni-ile cryotubes packed in ice and stored at 4ЊC for less than six hours until microbiological analyses were performed. lateral ureteral ligation in the rabbit and rat is a model with very early and pronounced TIMP-1 gene expression
The obstructed kidney (UUO) and contralateral unobstructed kidney (CUK) were harvested from the UUO [6, 8, 11 ], the precise localization of the cellular TIMP-1 source is not well documented. In the cortex of the ob-rats, and both sham-operated (SOR) kidneys were harvested from the controls. A slice of the obstructed kidney structed kidney, increased TIMP mRNA levels were detected with reverse-transcription polymerase chain reac-was collected in sterile brain heart infusion (BHI) on ice and stored at 4ЊC (for less than 6 hours) until microbio-tion (RT-PCR) and Northern blot techniques [6, 8, 11] as early as 12 hours after ligation [6] .
logical analysis was performed. The plasminogen activator/plasmin system is an enzy-Microbiological analysis matic cascade system in the kidney that is directly involved in extracellular matrix (ECM) degradation by
To screen for infections, 10 l of bladder or ureteral urine was streaked onto cystine-lactose-electrolyte-defi-plasmin-mediated proteolysis but also contributes indirectly to the breakdown of ECM proteins by plasmin-cient medium (CLED) plates which were incubated overnight at 37ЊC. Renal tissue slices of the obstructed mediated activation of inactive pro-enzymes of the matrix metalloproteinase family [12] . Data concerning the kidney were pressed onto CLED plates which were incubated overnight at 37ЊC. Colonies on positive CLED-expression of the main inhibitor of this proteolytic system, PAI-1 after UUO are even more scarce.
plates were identified based on biochemical properties using the LOGIC system [13] . We report that as early as 24 hours after ligation ED1 ϩ and ␣-SMA Ϫ interstitial cells transcribed TIMP-1 mRNA Functional parameters in the obstructed kidney. Later on, limited numbers of ED1 ϩ macrophages and numerous ␣-SMA ϩ and ␣-SMA Ϫ / Serum and urine creatinine levels were measured in duplicate using a modified colorimetric Jaffé reaction ED1 Ϫ interstitial cells express TIMP-1 message throughout the entire study period (that is, 26 days post-surgery).
(Creatinine Merckotest, Diagnostica Merck, Darmstadt, Germany). Starting from days 5 to 10 after obstruction, PAI-1 immunoreactivity appeared in damaged tubules and during Morphological lesions later stages post-obstruction, PAI-1 occurred in the interstitium of obstructed kidneys.
For light microscopy, rat kidney slices fixed in methacarn solution, were stained with periodic acid-Schiff (PAS) reagent or hematoxylin-eosin (H&E). PAS sec-METHODS tions immunostained for the proliferating cell nuclear Experimental design: Animals and treatment antigen (PCNA) using the PC10 monoclonal antibody (diluted 1/300; DAKO, Denmark) were used to evaluate Male Sprague-Dawley (OFFA) rats (210 Ϯ 12 g body weight) were fed standard rat chow and were given water cellular proliferation and to localize proliferating cells. Interstitial and tubular mitotic figures and nuclei with ad libitum. Rats were separated into 12 experimental an apoptotic morphology (condensed and marginated positive area ([area above threshold divided by frame area] ϫ 100). nuclear chromatin, discrete nuclear and cytoplasmic fragments) were quantified in H&E-stained sections in cor-Cellular proliferation of specific subsets of tex, outer and inner medulla at high power magnification interstitial cells (ϫ400) in 16 consecutive nonoverlapping fields per renal area (total surface area evaluated per rat: 4.6 mm 2 ). The
To assess for local macrophage and myofibroblast proliferation, a microwave-based two color immunohisto-number of mitotic figures was counted in all animals; apoptotis was quantified in fewer animals (24 hours after chemical technique [17] was used as described previously [15] on one section of a sham-operated kidney, an ob-surgery, N ϭ 3; later time-points, N ϭ 4). Additionally, sections of eight obstructed rat kidneys were labeled structed kidney and the corresponding contralateral kidney for each time point studied. Methacarn-fixed paraf-with the deoxynucleotidyl transferase (TdT-) mediated dUTP-biotin nick-end labeling technique (TUNEL) [14] fin-embedded renal sections were labeled with ED1 or ␣-SMA antibody, after which chromogenic detection was or stained for cleaved caspase 3 (polyclonal anti-active human caspase 3 antibody, Pharmingen).
performed with nitroblue tetrazolium salt (NBT) and 5-bromo-4-chloro-3-indolyl phosphate (BCIP) in the Phenotyping of interstitial inflammatory cells presence of L-bromotetramisole. Before applying the second monoclonal antibody (PC10 directed against Stainings for interstitial white blood cells were performed on methacarn-fixed paraffin-embedded renal tis-PCNA), the primary (ED1 or ␣-SMA) and secondary antibodies from the first staining were eliminated by sue as described previously [15] . The presence of interstitial leukocyte infiltrates was revealed using a mouse microwave heating (2 ϫ 5 min) in 0.01 mol/L Na-citrate pH 6.0. The second staining was performed using PC10, monoclonal antibody to rat leukocyte common antigen (MRC clone OX-1, Serotec, Oxford, UK), and cells of followed by incubation in secondary biotinylated horse anti-mouse immunoglobulins and normal rat serum and the monocyte/macrophage lineage were identified with the ED1 monoclonal antibody, directed to a cytoplasmic subsequently in avidin and biotinylated peroxidase.
Color development was achieved with AEC in the pres-antigen of monocytes/tissue macrophages [16] . Neutrophils were counted irrespective of their localization on ence of H 2 O 2 . Sufficient controls (single stainings on serial sections and stainings with the omission of primary H&E-stained sections. In obstructed kidneys, leukocyte clusters (with Ͻ5, 5-10, 10-50 and Ͼ50 cells) were antibodies) were included to rule out the occurrence of nonspecific signals during the different steps of the dou-counted throughout the entire section.
Immunostained leukocytes were quantified separately ble staining procedure. in cortex, outer stripe of outer medulla (OSOM), inner Riboprobe preparation and in situ hybridization (ISH) stripe of outer medulla (ISOM) and inner medulla. Cells showing distinct immunoreaction were counted at high
In vitro riboprobe transcription reactions and in situ hybridizations were performed as described extensiv-power magnification (ϫ400) in 8 (ISOM and OSOM) or 16 (inner medulla and cortex) consecutive nonoverlap-ely in a previous article [15] . The plasmid construct, pBSTIMP1, used to generate the sense and antisense ping fields (total surface area evaluated per rat, 4.6 mm 2 ). As the spatial distinction between interstitium and small riboprobes utilized in this experiment was kindly provided by Dr. Okada [18] . In brief, the plasmid construct blood vessels was sometimes difficult to make, the total number of observed extraglomerular leukocytes not sur-was linearized with HindIII for the antisense probe and Bam HI for the sense probe and transcribed in the pres-rounded by erythrocytes or present in large blood vessels was counted. Results are expressed as absolute numbers ence of fluorescein-11-UTP to generate fluorescein-labeled riboprobes according to the manufacturer's in-of immunoreactive cells per mm 2 .
structions (RNA color kit, Amersham).
␣-Smooth muscle expression after unilateral
For in situ hybridization, tissue fixed in Dubosq-Brasil ureteral ligation solution and embedded in paraffin was cut in 4 to 5 m sections, dewaxed, rehydrated, rinsed in diethylpyrocar-Methacarn-fixed paraffin-embedded tissue was stained with murine monoclonal anti-␣-SMA (1/30 000 in TSB; bonate (DEPC)-treated saline and PBS and fixed in 4% paraformaldehyde. After rinsing, the tissue was perme-Sigma BioSciences) as described previously [15] . ␣-SMA staining was quantified in renal sections of all rats in 32 abilized in nuclease-free proteinase K (Boehringer Mannheim), rinsed and post-fixed in 4% paraformalde-randomly chosen microscopic fields (8 in cortex, 8 in ISOM, 8 in OSOM and 8 fields in inner medulla) at low hyde. After dehydration, hybridization solution containing fluorescein-labeled RNA probe was applied to magnification (ϫ250, total surface area evaluated 1.7 mm 2 ) by means of an image analyzer system (Kontron each slide. Sections were covered with a Hybri-slip (Sigma) and incubated overnight at 55ЊC. After hybrid-Elektronik Imaging System KS400, release 2.0, Germany). The measurements were expressed as fractional ization, coverslips were removed and sections were washed for 30 minutes in 50% deionized formamide and (ED1) and myofibroblasts (␣-SMA) did not reveal aspecific signals in the noninterstitial locations where tissue 2ϫ SSC at 65ЊC. Sections were rinsed in saline Tris-EDTA buffer and background was reduced by incuba-type plasminogen activator (tPA) mRNA was found during the prior ISH. tion in ribonuclease A (Boehringer Mannheim). After rinsing, sections were incubated at 65ЊC in 50% deion-Photographs of fields containing TIMP-1 mRNA ϩ cells were taken immediately after in situ hybridization ized formamide in 2ϫ SSC for 30 minutes, and washed for 15 minutes in 2ϫ SSC at 50ЊC and for 15 minutes of obstructed kidneys (2 sections per time point under investigation), sections were destained in dimethylsulf-in 0.1ϫ SSC at 50ЊC. Hybridized probes were detected according to the manufacturer's instructions using the oxide and subsequently stained with ED1 or anti-␣-SMA antibodies. Fields captured after ISH that contained im-RNA color kit (Amersham).
To check the specificity of the fluorescein-labeled anti-munoreactive cells in the subsequent stainings were photographed again (ED1 35 fields and ␣-SMA 28 fields) sense riboprobes, in each hybridization run, sections were hybridized with the fluorescein-labeled sense cRNA and analyzed for double-positive cells. probe or incubated in hybridization solution without
Immunohistochemical staining for PAI-1 probe. Due to the large number of sections in this experiment, successive series of ISH had to be performed. To
To explore where PAI-1 protein was localized after obstruction of urinary flow in comparison with the intact compare different hybridization runs, reference sections containing adequate numbers of cells expressing TIMP-1 kidney, immunohistochemical staining of PAI-1 was performed on obstructed (per time point studied, N ϭ 3) mRNA were included in each hybridization sequence. and control (per time point studied, CUK, N ϭ 3 and Identification of TIMP-1 transcribing cells SOR, N ϭ 1) kidneys using the monoclonal mouse antihuman PAI-1, MA-7F5 [22] , as described earlier [23]. Cells expressing TIMP-1 message were identified by in situ hybridization for TIMP-1 mRNA followed by Controls for background staining included parallel stainings in which the primary antibody was omitted. PAI-1 sequential immunohistochemical stainings for macrophages (ED1) and myofibroblasts (␣-SMA). We have immunostaining was scored semiquantitatively in proximal tubular vesicles, in cells from collapsed, dilated and chosen this procedure first because we previously demonstrated that the antiserum directed to bovine TIMP-1 hypercellular tubules and in interstitial and parietal epithelial cells. The amount of staining was evaluated [19], used in several experimental studies [20, 21] , is nonspecific on rat renal sections in our hands [15] . More-semiquantitatively on a scale from Ϫ to ϩϩϩ (Ϫ ϭ absent staining; Ϫ/ϩ ϭ weak staining; ϩ ϭ moderately over, the cellular origin of a protein can only be determined at the mRNA level. Both ␣-SMA and ED1 were strong staining; ϩϩ ϭ strong staining and; ϩϩϩ ϭ very strong staining). tested on renal sections fixed in either Dubosq-Brasil or Bouin solution with and without implementation of the Statistical analysis ISH procedure, and although both fixatives could be used, Bouin appeared to be slightly more suitable for All countings and measurements were performed on blind-coded sections. At the start of the experiment it the sequential ED1 staining, while Dubosq-Brasil was more compatible with the sequential ␣-SMA staining.
was decided to exclude all data collected in infected animals (1 out of 22 sham-operated rats; 10 out of 53 To perform sequential immunohistochemical stainings, the riboprobe:mRNA hybrids were visualized with Fast UUO-rats) from the experiment. Making no assumptions on the normal distribution of the samples and due Red (Dako), a substrate that can be removed by immersion in dimethylsulfoxide. Comparison of hybridized sec-to the small sample size of some of the SOR groups (N Ն 2), nonparametric statistical tests were used. All tions processed with the Fast Red substrate with sections stained with NBT/BCIP corroborated the lower sensitiv-data collected in UUO kidneys or rats were tested against time-corresponding controls (SOR and CUK) ity of the former alkaline phosphatase substrate. This limited the power of our identification technique that and against UUO data collected at the other time points, with the Mann-Whitney U test. To adjust the type I error is only cells with strong TIMP-1 expression could be identified by sequential immunohistochemical stainings.
(␣) for performing multiple comparisons, the P levels were adjusted according to Dunn-Sidà k. To exclude the occurrence of aspecific reactions of the antibodies used in the sequential immunostainings with the antifluorescein conjugate used during the ISH, we RESULTS performed an ISH with a nonrelevant probe (that is, a Microbiological analysis tPA antisense riboprobe) that localizes tPA mRNA in noninterstitial compartments of the kidney (glomerular Urine and tissue cultures revealed that 8 out of 120 urine samples (7%) and 7 out of 53 UUO tissue samples cells, endothelial cells of arterioles, and to a lesser extent distal tubules). Subsequent stainings for macrophages (13%), collected at the time of sacrifice, were infected.
tion of a single ureter caused a slight deterioration of renal function in UUO rats from day 10 after ligation, indicating that compensatory mechanisms activated in the CUK were incomplete.
Morphological lesions in the obstructed kidney
Sections derived from sham-operated and contralateral unobstructed kidneys had a normal appearance. All morphological lesions observed in the obstructed rat kidney aggravated in time. Twenty-four hours after the ligation, renal damage was limited to a decreased height of proximal brush borders in the cortex and flattening of epithelial cells lining collecting ducts in cortex and outer medulla. Throughout all renal zones both proximal and distal nephron segments displayed mild tubular dilation. PCNA ϩ nuclei were present in distal tubular and collecting duct profiles. By day 5, the convoluted and straight segments of the proximal tubule showed more extensive injury consisting of tubular dilation, shortening of the brush border and flattening of the cells. Distal tubular and collecting duct cells also flattened progressively. Both interstitial and tubular PCNA staining was clearly some of them were also detected with the polyclonal None of the data collected in "infected" rats, that is, antibody raised against cleaved caspase 3. The number animals with positive urine or renal tissue cultures, (N ϭ of cells with apoptotic features and TUNEL ϩ cells ap-11, 1 out of 22 SOR and 10 out of 53 UUO) were outliers peared to be comparable in the tubular and interstitial (that is, values outside of the range of Ϯ 2 standard compartment, but this was not quantified. Ten days after deviations around the group mean) and testing for disobstruction, increased ECM deposition became a promiparities (Mann-Whitney U test) between "infected" data nent feature of obstructive nephropathy, atrophic tuand "noninfected" data revealed few significant differbules appeared in cortex and outer medulla, and all leences. All data collected in "infected" animals were exsions observed at earlier time points worsened. Fifteen cluded from following analyses. days after obstruction, extracellular matrix protein deposition increased further and the interstitial space of the Functional parameters obstructed kidney was populated by numerous PCNA ϩ At the time of sacrifice, serum creatinine levels were interstitial cells. Atrophic tubules were surrounded by a raised mildly, but significantly, in obstructed rats at 10, thickened, wrinkled basement membrane. Glomerular 15, and 26 days post-ligation in comparison to their shamdamage was limited to thickening of Bowman's capsule. operated counterparts. Creatinine clearance was only Both at days 20 and 26 post-obstruction, loss of funcsignificantly decreased 15 days after ligation in UUO rats compared to SOR (Fig. 1) . Hence, sustained obstruc-tional medullary tissue mass was impressive and accom- panied by increased ECM deposition. Nevertheless some in all renal areas, and these differences reached statistical significance from day 5 when comparing the number tubular and interstitial cells were still PCNA ϩ . Typical for the later phase of obstructive nephropathy was the of OX-1 ϩ cells in obstructed kidneys with their timecorresponding contralateral controls (Fig. 3A) . The inpresence of intraluminal leukocyte cylinders in cystic traluminal cell clusters found in dilated tubules were dilated tubules, that were composed mainly of polymorlargely OX-1 ϩ (data not shown). phonuclear leukocytes (identified by nuclear morphol-Likewise, the number of interstitial macrophages, as ogy) and few macrophages (ED1 ϩ cells). demonstrated by ED1 immunostaining, progressively in-Phenotyping of interstitial inflammatory cells creased in time over the entire obstructed kidney and initially reached significance from day 5 post-surgery The number of leukocytes, as evidence with the panleukocyte antibody OX-1, increased time-dependently ( Fig. 3B ). From day 10 after surgery, intraluminal leuko- cyte casts appeared in some dilated tubules in obstructed ous PMN were counted in UUO-kidney specimens collected at days 20 and 26 after surgery (Fig. 3C) , time kidneys and these contained limited numbers of ED1 ϩ cells (data not shown).
points at which all of the cultures of the urinary/tissue samples of the UUO groups were sterile. Neutrophils The presence of neutrophils in obstructed kidneys became apparent from day 5 to 10 post-ligation, and numer-were found in the interstitium of obstructed kidneys, but a striking observation was the occurrence of intraluminal Cellular proliferation of specific subsets of interstitial cells leukocyte cylinders in dilated tubules in UUO kidneys starting from day 10 after surgery ( Table 1 and Fig. 3D ).
As interstitial ␣-SMA expression was largely confined Based on morphological criteria and myeloperoxidase to obstructed kidneys, few to no proliferating myofistaining (data not shown), we concluded that these leubroblasts were found in sham-operated and contralateral kocyte clusters were largely composed of PMN. Dilated unobstructed kidneys. In obstructed kidneys, proliferattubules were frequently encircled by neutrophils and ing interstitial ␣-SMA ϩ cells were seen in the cortex and occasionally PMN were observed intercalated between outer medulla starting from day 5 after ligation and in tubular epithelial cells (arrowheads, Fig. 3D ). The majorall renal areas from day 10 post-surgery, but few PCNA ϩ ity of interstitial and intercalated neutrophils possessed myofibroblasts were present in the inner medulla. Low intact multilobed nuclei, but most of the intraluminal numbers of ED1 ϩ macrophages were observed in shamleukocytes, showed nuclear condensation and fragmenoperated and contralateral unobstructed kidneys, and at tation that pointed to apoptosis (arrows, Fig. 3D ). A all time points only a small fraction of these cells exportion of these cells were TUNEL ϩ , evidencing oligopressed PCNA. Starting from day 5 after ligation, PCNA ϩ nucleosomal DNA fragmentation. Moreover, cleaved macrophages were present throughout the obstructed caspase 3 could be detected in these cells. The number kidney and most double-positive cells were found in the of intraluminal cells with apoptotic features appeared to cortex and in the ISOM. be higher than the number of intraluminal TUNEL ϩ In situ hybridization for TIMP-1 mRNA cells, but this was not quantified. It was also interesting to note that few to none of the cells encircling dilated TIMP-1 transcribing cells in the obstructed kidneytubules were TUNEL ϩ (data not shown).
detected as early as 24 hours after ligation-were largely confined to the interstitium and few TIMP-1 mRNA ␣-Smooth muscle actin expression after unilateral containing cells were found in tubular cross sections ( Fig.  ureteral obstruction  5 A, B ). TIMP-1 gene transcription in the obstructed ␣-Smooth muscle actin expression in sham-operated kidneys remained elevated throughout the entire study and contralateral unobstructed kidneys was confined to period ( Fig. 5 ) and corresponding contralateral unobarteriolar and blood vessel smooth muscle cells. Remarkstructed and sham-operated kidneys continued to be negably, ␣-SMA staining was not increased 24 hours after ative for TIMP-1 (data not shown). ligation ( Fig. 4 A, B ) and interstitial ␣-SMA staining Twenty-four hours after ligation most TIMP transcribwas absent. However, at day 5 post-surgery, interstitial ing cells were located in the interstitium of the cortex ␣-SMA expression was impressive ( Fig. 4 A, B) and and outer medulla of the obstructed kidney surrounding mildly dilated tubules ( Fig. 5 A, B ) and in the vicinity increased significantly in all renal regions, except in inner medulla (data not shown), compared to the CUK and of arterioles. Since at that time interstitial ␣-SMA ϩ cells were absent, we can exclude the ␣-SMA ϩ myofibroblast SOR. At later stages of obstructive nephropathy, save at day 10, the fractional positive area for ␣-SMA was as an early renal source of TIMP-1 mRNA. Furthermore, there is a clear dissociation between the low number of significantly increased throughout the obstructed kidney compared to both time-corresponding controls ( Fig. 4 ED1 ϩ cells and the higher number of TIMP-1 expressing cells 24 hours after obstruction. Very few cells expressed A, B). At all time points ␣-SMA expression was very pronounced in the ISOM (Fig. 4 B-D) , the zone most TIMP message in the inner medulla. Baring in mind that nonisotopic in situ hybridization liable to far-reaching loss of functional mass. Only few tubular cells-not exceeding a few cells per section-is a technique for localizing mRNA transcribing cells rather than a quantitative tool, we could nevertheless expressed ␣-SMA (Fig. 4C) . observe that throughout the entire study period (5, 10, 6G) and to a smaller extent in the S3 segment of the 15, 20 and 26 days after surgery) the number of TIMP-1 proximal tubule. These signals were also present in the transcribing cells in the obstructed kidney appeared to obstructed rat kidney, but proximal PAI-1 ϩ vesicles apremain comparable to those found 24 hours after surgery peared smaller and less intensely stained in obstructed ( Fig. 5 C, D) .
kidneys collected 24 hours to 10 days after UUO, com-From day 5 post-ligation, ␣-SMA ϩ myofibroblasts tranpared to control kidneys ( Table 2 ). Starting from day 5 scribing TIMP-1 mRNA could frequently be observed in after obstruction, PAI-1 staining appeared in cells lining obstructed rat kidneys ( Fig. 6 A, D and 6 
B, E), while
Bowman's capsule ( Fig. 6H and Table 2 ). Both cyto-TIMP expressing ED1 ϩ cells were rare ( Fig. 6 C, F) . plasmic and vesicular PAI-1 staining occurred in slightly The intraluminal clusters of leukocytes, found in obdilated tubules from day 5 after surgery and became structed kidneys from day 10 after ligation, were negative very pronounced from day 15 after obstruction, while for TIMP-1 mRNA, with the exception of a rare TIMP-1 hypercellular and collapsed tubules stained for PAI-1 mRNA ϩ cell, but dilated tubules containing such cylinstarting from days 5 to 10 ( Fig. 6H and Table 2 ). During ders were frequently encircled by TIMP-1 expressing the later stages of obstruction, PAI-1 positive vesicles in cells ( Fig. 5 E, F ). Since we clearly demonstrated the S1, S2, and S3 segments of proximal tubules in the UUO presence of intact neutrophils in the same location ( Fig. kidney were stained as intensely as in most control kid-3D), the possibility exists that some of these interstitial neys ( Table 2) . Starting from day 10 after ligation and PMN express TIMP-1 mRNA. In obstructed kidneys more pronounced at later time points studied, PAI-1 collected 20 and 26 days after ligation, numerous TIMP-1 antigen occurred in the interstitial space of obstructed transcribing cells were found in areas where functional kidneys, associated with interstitial cells or as PAI-1 ϩ renal tissue was largely replaced by a fibrous mass material embedded within the extracellular matrix ( Fig.  (Fig. 6B ).
6I and Table 2 ).
Immunohistochemical staining for PAI-1
Summarizing, in the early stages following urinary outlet obstruction PAI-1 immunoreactivity seemed to be In control kidneys (CUK and SOR), PAI-1 positive subdued in the obstructed kidney, however, from days vesicles-according to localization and size presumably lysosomes-were found in the S1 and S2 segments ( Fig.  5 to 10 onwards, PAI-1 antigen emerged in injured (di- suggestive of effective translation of TIMP-1 mRNA into In both rabbit and rat models of UUO, it becomes protein, it is clear that TIMP-1 provides a continuous more and more apparent that profibrogenic mechanisms contribution to the progression of renal fibrosis. So much are activated very early after the onset of obstruction.
the more because, distinct from its protease inhibitory Engelmeyer and co-workers studied cortical TIMP-1 actions, TIMP-1 displays in vitro general cell growth-mRNA expression in the obstructed rat kidney from 4 promoting activities on epithelial cells and fibroblasts, to 96 hours after ligation and found a progressive upof which the in vivo relevance remains to be established regulation of TIMP-1 mRNA beginning at 12 hours post-[24, 25]. obstruction [6] . We detected TIMP-1 mRNA expressing
The main objective of this study was to determine the interstitial cells in the obstructed kidney as early as 24 cellular source of increased TIMP-1 gene transcription hours after surgery, thereby corroborating the hypothein the obstructed rat kidney. Sharma and colleagues demsis that increased TIMP-1 expression is one of the early onstrated increased amounts of TIMP-1 antigen that was events triggered after unilateral ureteral ligation. In the most prominent in the renal interstitium but was also cortex of the obstructed rabbit kidney, peak TIMP frequently noted in tubular cells of obstructed rabbit mRNA levels occurred three days after ligation and dekidneys [8]. We found TIMP-1 mRNA transcription by clined afterwards, but TIMP expression remained siginterstitial cells-and to a limited extent by tubular nificantly elevated at day 16 when the transiently incells-in the obstructed kidney at all time points studied. creased gene transcription of collagens had returned to Most groups investigating renal fibrosis incited by unilatbaseline values [8]. In the Engelmeyer study maximal eral ureteral obstruction speculate that the macrophage cortical TIMP-1 mRNA concentrations occurred after is the most plausible TIMP expressing cell, because the four days when compared with TIMP-1 expression in increment in cortical TIMP gene transcription parallels the contralateral unobstructed kidney (CUK) [6] . Howthe macrophage influx seen after urinary flow obstrucever, in a more elaborate study by Ishidoya et al [11] , tion [6, 8] and because a significant correlation is found TIMP expression in the obstructed rat kidney, as evibetween interstitial macrophage number and cortical denced with RT-PCR, turned out to be more prominent TIMP message levels [6, 8] . Not only the recruited macat day 10 and not maximal at day 3 or 4, in contrast to rophage but also the resident fibroblast can be responsithe formerly mentioned studies [6, 8] . We found TIMP-1 mRNA expressing cells in the obstructed kidney at all ble for the increase in TIMP-1 expression after UUO [26]. We clearly demonstrated that there is a discrepancy A literature survey on experimental UUO revealed that the presence of leukocyte subsets other than macro-between the higher number of TIMP-1 mRNA expressing cells and the lower number of ED1 ϩ macrophages phages is not well documented in this model and that the presence of neutrophils is hardly ever reported. We 24 hours after ligation, which indicates that cells present in the interstitium at that time-other than the macro-confirmed results from short-term rat studies where neutrophils were absent at 24 hours post-ligation [30] [31] [32] , phage-are responsible for the bulk of the increased TIMP-1 expression in the early stages following urinary while in the ligated rabbit kidney, from day 1 through day 4 after renal obstruction, a mild PMN influx occurred outflow obstruction. We can also exclude the ␣-SMA ϩ myofibroblast as an early renal interstitial TIMP mRNA and neutrophils were frequently marginated along the capillary endothelium [33] . In a more comprehensive source. From day 5 after unilateral ureteral ligation, the ␣-SMA ϩ myofibroblast and-to a lesser degree-the study performed by Gobe and Axelsen, dilated collecting ducts of some obstructed kidneys contained a neutrophil ED1 ϩ macrophage transcribe TIMP-1 mRNA in the obstructed rat kidney. Other cell types, present in the intersti-exudate, but they found this to be a minor feature with few collecting ducts affected with an exudate small in tium of kidneys after sustained urinary outlet obstruction, such as inflammatory cells (such as ED1 Ϫ monocytes/ volume and no PMNs were found in the interstitium [34] . In contrast, we found large leukocyte (largely macrophages, T cells, and B cells) or ␣-SMA Ϫ myofibroblastic phenotypes (vimentin/desmin) are to be consid-OX-1 ϩ and partly myeloperoxidase or ED1 positive) cylinders (containing Ն10 to 50 PMNs or macrophages) ered possible candidate TIMP-expressing cells in obstructive nephropathy. However, in this context the work in cystic dilated tubules in practically all obstructed kidneys collected from day 20 after ligation. Since PMN are of Shappell et al with severe combined immunodeficient (SCID) mice [27] is interesting. Their experiments dem-primary effector cells in acute inflammatory processes, we considered it appropriate to investigate the microbio-onstrated that infiltration of lymphocytes is not required for the establishment of tubulointerstitial fibrosis follow-logical status of each obstructed kidney to examine whether bacterial colonization triggered the PMN infil-ing urinary outlet obstruction as the degree and rate of progression of interstitial fibrosis ensuing from ureteral tration. Despite the application of sterile surgical procedures, we observed a high incidence of positive renal ligation is the same in wild-type and SCID mice.
The presence of neutrophils in tubular lumen and in tissue and/or urine cultures 24 hours post-ligation (5 out of 8 UUO infected) that declined at later time points the interstitium of obstructed kidneys from days 5 to 10 after ligation suggests a possible contribution of this studied (5 days, 1 of 8 UUO; 10 days, 3 of 8 UUO; 15 days, 1 of 9 UUO; 20 days, 1 of 4 SOR infected) and inflammatory cell type to the diminution of matrix degradation either directly through the synthesis of TIMP or all samples collected 26 days after obstruction or sham surgery were sterile. The course of neutrophil infiltration indirectly through the release of cytokines that incite TIMP expression in other cell types in the interstitium.
was quit opposite to the classical brisk neutrophil recruitment and cast formation observed in experimental pyelo-Polymorphonuclear leukocytes (PMN) are cells with a short lifespan that are considered to be capable of little nephritis [35] [36] [37] [38] [39] . Indeed, in our study intraluminal PMN casts were observed in the later stages of obstruction in if any protein biosynthesis, but transcription and translation of genes for some proteins could be demonstrated the absence of infection and not in the early phase (1 to 5 days post-ligation) when the incidence of infection was in the neutrophil [28, 29] . PMN move along a chemotactic gradient from the bloodstream to the site of inflamma-high.
In agreement with Truong et al, who studied the tem-tion, and to penetrate vessel walls and tissue barriers they secrete gelatinase B [28, 29] . Moreover, Triebel et poral pattern of cell death and proliferation following UUO [2] , we demonstrated that starting from day 5 after al demonstrated TIMP-1 mRNA and protein in neutrophils, proving that these cells are capable of controlling ligation, apoptosis (apoptotic bodies) predominated cellular proliferation (mitotic figures) in the obstructed kid-their own MMP activity [28, 29] . It is not unlikely that neutrophils retain the capacity to express TIMP-1 ney. The fact that we quantified apoptotic cells on H&Estained sections based on morphological criteria may mRNA as long as they are intact, but lose this ability when they enter the apoptotic cycle, as suggested by our limit the sampling for apoptosis. Indeed, the lifespan of morphologically identifiable apoptotic cells is approxi-results. Indeed, cystic dilated tubules containing leukocyte clusters were frequently surrounded by a corona mately 12 to 18 hours, but due to their small size and rapid ingestion by neighboring macrophages or epithelial of TIMP-1 expressing cells and H&E-stained sections revealed the presence of neutrophils around such tu-cells their visibility in sections is limited to a few hours. Truong et al quantified apoptosis after in situ end label-bules. In contrast, we clearly demonstrated with in situ hybridization that the intraluminal leukocytes in the ing (ISEL) of fragmented DNA following proteinase K digestion [2] . In our hands, ISEL with proteolytic pretreat-obstructed rat kidney very rarely transcribe TIMP-1 mRNA. ment labels a high fraction of nonapoptotic nuclei and consequently overestimates apoptosis [40] . Indeed, ISEL that the PAI-1 gene may contain distinct tension-sensing (mechanical load) response elements [41] . This indicates should be combined with appropriate controls, such as markers of transcription and morphological criteria [14] .
that PAI-1, a major regulator of plasmin-mediated pericellular proteolysis, and consequently of cellular motility A scheme for apoptotic tubular cell deletion in atrophic tubules was proposed earlier by Gobe and Axelsen de-and adhesion, is itself regulated by cellular morphology and migration [41] . Since it is well documented that the scribing an increase of the number of apoptotic bodies in UUO kidneys peaking during the period of dramatic mechanical disturbance produced by urinary tract obstruction contributes to the cascade of events that ulti-renal weight loss (i.e., at days 14 and 28 after UUO) [34] . Although they detected apoptotic cells in collapsed rather mately leads to the development of interstitial fibrosis [26] and since PAI-1 immunoreactivity occurred in di-than in dilated tubules, we frequently observed apoptotic bodies in both, usually organized in one or two clusters lated tubular structures, it is not unlikely that the progressive pressure build-up in the obstructed kidney di-per tubular profile. Ultrastructurally, Gobe et al observed apoptotic bodies in the cytoplasm of surviving epithelial rectly promotes PAI-1 gene transcription. Several groups have reported that the renin-angiotensin system (RAS) cells and in macrophages that had migrated into the tubular epithelium, and some of the apoptotic bodies is activated as early as one hour . clusters we observed were practically entirely positive for the pan-leukocyte marker OX-1, and therefore com-A number of studies on renal fibrosis have indicated that myofibroblasts-identified by ␣-SMA expression-posed of either apoptotic epithelial cells phagocytosed by leukocytes (macrophages or neutrophils) or leukocytes are good predictors of progression of renal disease in both human and experimental pathologies [49, 50] . Myo-that had entered the apoptotic cycle during or shortly after their migration into the tubular lumen. In addition, fibroblasts, morphologically intermediate cells between fibroblasts and smooth muscle cells, possess characteris-we could demonstrate that a portion of the tubular, interstitial, and intraluminal apoptotic cells were positive for tics from both: they can synthesize collagen I and III and are able to constrict (thereby contributing to the cleaved caspase 3, indicating that apoptosis after UUO occurs, at least partly, through the caspase-dependent pressure increase in obstructive nephropathy) and at the same time retain a high proliferative capacity [49-51], pathway. This is the first report, to our knowledge, on the local-as we demonstrated by double-stainings for PCNA and ␣-SMA. In the normal adult rat kidney, pericytes and ization of PAI-1 antigen in the model of unilateral ureteral ligation. In the early stages following urinary outlet smooth muscle cells of arteries and arterioles stain strongly for ␣-SMA, while interstitial cells remain largely obstruction, PAI-1 immunoreactivity in proximal tubules seemed to be subdued, but from days 5 to 10 after ob-negative [52] . We found that somewhere between day 1 and 5 following UUO ␣-SMA expression is initiated struction, PAI-1 antigenicity appeared in hypercellular, collapsed, or dilated tubules. During the later stages of in the ligated kidney which corroborated the study by Sakai, Kwamura and Shirasawa [53] . Yoo and colleagues obstruction, PAI-1 staining was also found in the interstitium. The strong decline of GFR following urinary out-demonstrated that interstitial ␣-SMA immunoreactivity occurs around dilated loops of chronically obstructed flow obstruction almost excludes PAI-1 protein reabsorption by renal tubules [3, 4] . Several arguments can single nephrons (abstract; J Am Soc Nephrol 7: 1768, 1996) . This indicates that the interstitial changes ob-be found in favor of increased PAI-1 expression after UUO. An appealing hypothesis can be formulated based served after UUO ensue from increased intraluminal pressure and the subsequent alterations that take place on the results of Hawks and Higgins, who showed that the in vitro PAI-1 mRNA expression by rat kidney cells in the neighboring tubular cells. Ng et al, by demonstrating ␣-SMA mRNA and protein de novo expression by is influenced by perturbations of the actin cytoskeleton, suggesting the involvement of a structure-based signal-tubular epithelial cells after 5/6 nephrectomy, provided evidence that at least in the remnant kidney, tubular transduction pathway [41] . Possibly this disturbance of the cytoarchitecture causes a redistribution of the me-epithelial cells are cells capable of tubular epithelialmyofibroblast transdifferentiation in progressive renal chanical load normally maintained by a normal cytoskeleton and the resultant force changes may activate partic-scarring [49] . Indeed, the mesenchymal origin of tubular epithelial cells can explain their pro-fibrogenitor poten-ular intracellular signaling pathways [41] . In addition, two nuclear factor-␤ (NF-␤)-like binding sites are tial. We found ␣-SMA ϩ tubular cells in the obstructed rat kidney to be rare, in contrast to the aforementioned found in the upstream region of the PAI-1 promotor and both cytoskeletal disruption [41] Pathobiology 66:196-204, 1998 In summary, we demonstrated that the increased 
